Tinnitus is an aversive auditory percept of unknown origin. We tested the speculation that tinnitus may share neuronal processing mechanisms with aversive auditory percepts of known origin. This study revealed the functional neuroanatomy of the perception of aversive auditory stimuli. The stimuli were presented to 12 healthy volunteers so as to mimic the psychoacoustical features of tinnitus and its affective response in tinnitus sufferers. The regional cerebral blood¯ow distribution was measured by PET during four auditory processing conditions and one control condition. The aversive auditory stimuli activated primary and secondary auditory areas bilaterally, dorsolateral prefrontal attention areas, and structures in the limbic system which subserve emotional processing. Based on these results and ®ndings from other functional neuroimages of tinnitus, we hypothesize that the perception of tinnitus may involve the functional linkage of these brain areas: secondary auditory cortex, dorsolateral prefrontal cortex, and
INTRODUCTION
Tinnitus-related neuronal activity may originate nearly anywhere in the auditory system [1] .Only a few hypotheses concerning the pathomechanisms and the involved generator sites have been supported by neurophysiological evidence from human or animal studies [2, 3] . In animal studies tinnitus induced pharmacologically (salicylate) or by noise trauma, has been attributed to aberrant activity in the inferior colliculus and other auditory brain stem nuclei [4, 5] . Other studies implicated the reorganization of auditory cortical ®elds due to cortical plasticity as a result of deafferentation of the periphery of the auditory system in the perception of tinnitus [6] . Most current models of the tinnitus phantom percept comply with the notion that the conscious perception of tinnitus must involve the cerebral cortex, as do all conscious percepts [1] . PET and fMRI revealed a variety of auditory processing areas, prefrontal attention sites or limbic system structures involved in the perception of tinnitus [7±11] . Throughout these studies the various patterns of tinnitus-related activity seem to be caused by the heterogeneity of the psychoacoustical features of the examined tinnitus and the varying affective impacts of tinnitus in the lives of the recruited patients.
To avoid the unpredictable in¯uences of these factors, we created a model of tinnitus in healthy volunteers. To reveal the cortical centres involved in an auditory process comparable to the perception of tinnitus, we mimicked tinnitus by presenting different aversive auditory sounds. The sounds produced auditory sensations psycho-acoustically similar to tinnitus and evoked adequate negative emotional responses.
MATERIALS AND METHODS
Subjects: Twelve right-handed, healthy volunteers (®ve women, seven men, aged 20±49 years, mean age 25 years) without tinnitus participated in the study. Complete otoneurological and audiological evaluations revealed no abnormal ®ndings. The protocol followed the Helsinki Declaration II and was approved by the Aarhus County Research Ethics Committee.
Auditory stimuli: Twenty different aversive sounds were synthesized to imitate tinnitus. These sounds elicited adequate auditory sensations and emotional responses similar to the psycho-acoustic effects of tinnitus. The sound features were based on psychoacoustical descriptions of tinnitus by a large number of tinnitus patients treated at our department and other descriptions [12] . Ten subjects not involved in the PET study determined and selected the four most aversive stimuli (T1±T4) by rating annoyance, dislike, nuisance and disturbance caused by those sounds on a visual analog scale (VAS) consisting of 100 mm lines with endpoints denoted by the words total absence and maximum of annoyance, dislike, nuisance and disturbance. The four chosen sounds achieved signi®cantly higher scores on the VAS than the rest of the aversive sounds. Two of the highest rated sounds were pure tones with a pitch of 8 kHz and a loudness of 85 dB sound pressure level. The ®rst of these sounds (T1) contained no bandwidth, whereas the second sound (T2) had a 30 Hz bandwidth around the centre frequency. A daily life sound, produced by scraping a knife against a plate, was recorded and resampled to sound like an engine room. This sound was presented either without (T3) or with (T4) 40 randomly placed gaps of 20±50 ms duration. Both sounds were presented at a sound pressure level of 85 dB. The auditory stimuli were contrasted to a baseline scan in silence (B1). Tasks T1±T4 and B1 were counterbalanced across subjects. Auditory stimuli were recorded on a digital tape recorder Sony TCD-D7 and delivered binaurally using an Orbiter 922 audiometer and EARtone 3A earphones.
Data acquisition, image and statistical analyses: PET imaging with H 2 15 O as tracer was performed with the ECAT Exact HR47 tomograph (Siemens/CTI) in 3D mode. For attenuation correction GA-68 transmission tomograms were acquired in 2D mode. Five emission scans were initiated at 60 000 true cps after bolus injection of 500 Mbq H 2 15 O in single 40 s frames. All scans were performed in a quiet darkened room. Subjects were supine with the head held ®xed in a vacuum pillow. The presentation of auditory stimuli was initiated 10 s prior to injection. PET images were reconstructed after correction for attenuation and scatter in a resolution of 12 mm FWHM (Hann-®lter, cutoff frequency 0.15 cycles/s). T1-weighted MR brain images were acquired on a Philips 1.5-T gyroscan (fast®eld-echo sequence, 64 sagittal 2 mm slices, TE 21.6 ms, TR 41.7 ms) and co-registered to the PET-images and the Talairach coordinate system [13] . Besides Talairach coordinates tentative transformations of these coordinates into Brodmann areas (BA) were used for anatomical localization of the obtained PET results. t-statistic maps were created after a pixel-by-pixel subtraction of PET volumes using DOT (two-tailed t-statistic, approximated to a standard Gaussian distribution; pooled s.d. of all intracranial voxels) [14] . Searching the cerebral cortex and limbic structures in the temporal lobes (600 ml), t . 4.4 equals signi®cance at p , 0.05.
Subtraction analyses were performed on PET volumes of individual aversive stimulations vs baseline (T1ÀB1, T2ÀB1, T3ÀB1, T4ÀB1), as well as on a combined PET volume of all stimulations vs baseline (TavgÀB1).
RESULTS
Analysis of the combined subtraction (TavgÀB1) of all tasks showed signi®cantly increased activity in the primary auditory cortex (Brodmann area, [BA] 41) in both hemispheres, and in associative auditory regions in the right hemisphere (BA 21, 22; Table 1 , Fig. 1 ). Several sites in the dorsolateral prefrontal cortex (middle and inferior frontal gyri) were activated bilaterally although with a preponderance of right-sided activations (BA 8 45 47). Anterior midline structures (superior frontal and medial frontal gyri, BA 6 8 9), sites in the inferior parietal lobule (BA 7 39 40), as well as structures in the limbic system (amygdala/parahippocampal gyrus, hippocampus) showed increased activity (Table 1, Fig. 1) .
Analyses of subtractions of the individual tasks (T1ÀB1, T2ÀB1, T3ÀB1, T4ÀB1) showed the same tendency of activation, although without complete consistency.
DISCUSSION
The processing and perception of aversive auditory stimuli was associated with activation of primary and associative auditory areas. The activation of Heschl's gyrus (BA 41) is attributed to the early sensation of the externally presented stimuli, whereas activation of associative auditory areas located more anteriorly (BA 21), and more posteriorly at the temporo-parietal junction (BA 22), may represent higher order processing [15, 16] . Recent brain imaging studies of tinnitus patients revealed sites of activation in similar parts of the auditory cortex. Arnold et al. discovered an increased metabolic activity in the left primary auditory cortex (Heschl's gyrus, BA 21) when comparing the central activity measured with FDG-PET of tinnitus patients and healthy volunteers [7] . Cacace et al. examined individuals who after complete unilateral deafferentation of the auditory-vestibular system were able to evoke tinnitus by cutaneous stimulation of the ®ngertip [8] . With functional magnetic resonance scanning they found tinnitus-associated cortical activity in the temporo-parietal region contralateral to the cutaneous stimulation. In a study by Lockwood et al., tinnitus patients with changeable tinnitus loudness based on oral-facial movements were PETscanned in different conditions revealing tinnitus-relevant activity in the auditory cortex (BA 21/41) and in a part of the limbic system [9] . Giraud and co-workers scanned patients who could evoke tinnitus by speci®c eye movements [10] . Their study showed that associative auditory areas in the temporo-parietal region (BA 22/42) were activated during the perception of tinnitus. In a PET study by Mirz et al. tinnitus was modi®ed pharmacologically with lidocaine or acoustically with narrow-band noise [11] . A within-subject paradigm was adopted to compare conditions with and without tinnitus. The study showed that auditory association areas in the right temporal cortex (BA 21) and multimodal attention sites in the right prefrontal part of the brain (BA 8) were associated with tinnitus. The tinnitus suppressing effect of lidocaine was also used in a SPECT study by Staffen et al. [17] . Tinnitus-related neuronal activity was located predominantly in the right primary auditory cortex (BA 41).
The modulation of the spatial distribution and extent of activated auditory areas appear also to depend on the degree of attention-related processing. The magnitude and extent of activation in auditory areas is enhanced when attention is involved [18] . However, auditory attention also activates neuronal systems other than those involved in auditory processing [19] .
In the present study the perception and further proces- The anatomical localization of the activated sites is based on the Talairach coordinate system and combined with a tentative transformation of the coordinates into Brodman areas (BA) [13] . Talairach sing of aversive auditory stimuli activated dorsolateral prefrontal structures and areas in the inferior parietal lobe. These ®ndings are consistent with results from several neuroimaging studies concerned with attentional processing of multimodal stimuli [20] . The recruitment of attentional resources has also been implicated in the processing of the auditory phantom perception of tinnitus [3, 11, 21] . Perception of tinnitus is hypothesized to cause continuous attention to the sound or sounds which consequently may result in a vicious circle of reinforcement of the strength of the perceived initial tinnitus-related neuronal activity [22] . The limbic structures activated in the present study (amygdala/parahippocampal gyrus) are involved in processing the affective content of externally presented or internally generated information, as shown in different modalities [23] . Moreover, these structures also subserve emotional memory [24] . Emotionally arousing stimuli, such as the aversive sounds in this study, seem to be stored in memory systems which, when presented with these sounds on later occasions, will evoke much faster and probably more distinct emotional responses. When applied to tinnitus this explanation means that the initial neuronal activity related to tinnitus may trigger an auditory sensation, which then evokes a negative emotional response. This Abbreviations and coordinates (y and z) according to Talairach [12] . GC, cingulate gyrus; GFd, medial frontal gyrus; GFi, inferior frontal gyrus; GFm, middle frontal gyrus; GFs, superior frontal gyrus; GTi, inferior temporal gyrus; GTm, middle temporal gyrus; GTs, superior temporal gyrus; GTT, transverse temporal gyrus; Hi, hippocampus; LPi, inferior parietal lobule; NA/GR, amygdale/parahippocampal-gyrus complex; R, right; L, left.
pattern of activation is stored in the emotional memory system, which then persistently delivers the perceptually negative experience of the tinnitus sound. Activation of the insula, a polymodal convergence area, which has been suspected of relaying sensory information into the limbic system [25] , may re¯ect the mediation between sensory and affective functions.
The combined activation of limbic system structures and the insula support the notion that the sounds used in the present study indeed were aversive and evoked a signi®cant emotional response in the subjects. Descriptions given by tinnitus patients of the loudness and other psychoacoustical features of their perceived tinnitus sound or sounds are similar to the descriptions given by subjects who evaluated the sounds used in the present study [12] . The affective responses to the aversive stimuli in this study (measured on VAS) were also comparable to results from studies evaluating the impact of tinnitus on the psychological state of tinnitus sufferers [26] . It appears that the perceptual experience of speci®c aversive auditory stimuli led to other perceptual experiences: a phenomenon known as synaesthesia. Thus, our results indicate that the acoustic perception as well as the induced affective response in our subjects successfully imitated the state of tinnitus sufferers.
CONCLUSION
Our results suggest that the perception of tinnitus-like auditory stimuli engages auditory sensory and processing areas, recruits attentional resources in the right prefrontal areas of the brain and generates emotional responses based on activation of the limbic system. As the psychoacoustical features of tinnitus are similar to the stimuli used in the present study, we hypothesize that the perception of tinnitus may involve the same functionally linked brain areas. Results from recent brain imaging studies on tinnitus patients support this hypothesis. Most results obtained in these previous studies were replicated in the present study.
Our tinnitus model may help to specify the parts and processes of the brain to be studied in the future to reveal more information on the central mechanisms of tinnitus perception.
